Background
Background
Acute kidney injury (AKI) is one of the most common canine diseases with a high mortality rate. Neutrophil gelatinase-associated lipocalin (NGAL) is the novel biomarker for early diagnosis of renal injury. Only few sandwich ELISA kits are commercially available, all of which require the use of expensive enzyme-conjugated secondary or biotinylated antibody. The aims of this study were to develop high affinity monoclonal antibodies (mAbs) and simplified sandwich ELISA for canine NGAL detection.
Results
Recombinant canine NGAL was expressed in E. coli and purified to a high purity. Six hybridoma cell lines were generated by immunization of mice with the purified protein, all of which secreted high titers of specific mAbs. By screening 36 different antibody combinations, a pair of mAbs with high additivity and P/N ratio was selected as the capture and detection antibodies. By conjugation of the detection mAb with horse radish peroxidase, a simplified sandwich ELISA was developed with a correlation coefficient of 0.9939, detection limit of 8.28 ng/mL. The parallel test of 42 samples from healthy and AKI dogs showed the good agreement in NGAL concentrations detected by the simplified sandwich ELISA and commercial ELISA kit.
Conclusions
We developed canine NGAL-specific monoclonal antibodies and simplified sandwich ELISA.
The simplified sandwich ELISA could replace the commercial ELISA kits for canine NGAL detection with the advantages of reduced cost and detection time.
Background
Acute kidney injury (AKI) is characterized by a sudden and sustained decrease in renal function. The disease is common in dogs with high mortality and treatment cost [1, 2] .
One of the main reasons for the high mortality is late recognition of disease and consequently a narrow window of opportunity for intervention [3] . Currently, canine AKI is diagnosed mainly according to elevated concentration of serum creatinine and blood urea nitrogen [4] . However, early stages of AKI may not be detected when kidney function is assessed using traditional diagnostic tests, such as serum creatinine concentration [3] .
Neutrophil gelatinase-associated lipocalin (NGAL) is a 25-kDa glycoprotein synthesized in low concentrations in renal tubular, intestinal, hepatic and pulmonary tissues, which is substantially up-regulated with tissue injury [5] . Circulating NGAL is filtered by the glomerulus, reabsorbed in the proximal tubule and secreted by the thick ascending limb of the loop of henle. In active renal tubular injury, NGAL synthesis is increased, reabsorption is decreased and secretion is increased, resulting in increased urinary NGAL (uNGAL) concentrations [6] . Therefore, NGAL has been used as one of the earliest and most accurate biomarkers for human and canine AKI diagnosis [7, 8] .
Both serum NGAL (sNGAL) and uNGAL can be detected using double-antibody sandwich enzyme-linked immunosorbent assay (ELISA) [8] [9] [10] . However, only few ELISA kits are commercially available and their detection sensitivities may need further validation. In addition, these ELISA kits require the use of expensive enzyme-conjugated secondary antibodies or biotinylation of mAbs [11] . In the present study, we expressed recombinant canine NGAL in E. coli and generated six hybridoma cell lines by immunization of mice with the purified protein. By systemic screening, a pair of mAbs with high advitivity was selected as the antibody combination for sandwich ELISA. By conjugation of the detection mAb, a simplified sandwich ELISA was established for canine NGAL detection.
Results

Preparation of recombinant canine NGAL
After induction with IPTG, SDS-PAGE analysis showed that an expected 26-kDa protein (25 kDa NGAL + 0.6 kDa His-tag) was expressed in pET-NGAL recombinant E. coli (Fig. 1 ).
The recombinant NGAL was expressed as a soluble protein and purified to more than 90% purity by using nickel affinity column ( Fig. 1 ). Commercial canine NGAL ELISA analysis showed that the purified protein reacted positively to canine NGAL antibody.
Generation of hybridoma cell lines
After three immunizations, the three immunized mice had serum ELISA antibody titers of 1:32000, 1:128000 and 1:16000, respectively. The spenocytes were isolated from the mouse with the highest antibody titer for myeloma cell fusion. After HAT selection and dilution cloning, 10 positive cell clones were screened by indirect ELISA using recombinant canine NGAL. Subsequent to two rounds of subcloning, six stable hybridoma cell lines, namely NC-1, NC-2, NC-3, NC-4, NC-5 and NC-6, were obtained for further study.
Characterization of canine NGAL-specific mAbs
The specific mAbs were prepared in large quantities by peritoneal injection of mice with different hybridoma cell lines. Western blotting analysis showed that the six mAbs reacted positively with the canine NGAL reference ( Fig. 2 ). Isotype ELISA analysis showed that the six mAbs belonged to IgG2a, IgG1, IgG1, IgG2b, IgG2b and IgG1 isotypes, respectively (Table 1) , with the antibody titers ranged from 1:1024000 to 1:8192000 ( Fig. 3 ). The affinity test showed that the six mAbs had the Ka values ranged from 4.14 × 10 7 to 1.52 × 10 8 (Table 1) , which could be ranked as NC-2 ˃ NC-3 ˃ NC-1 ˃ NC-4 ˃ NC-5 ˃ NC-6. Screening of the antibody pair for simplified sandwich ELISA
The additivity assay showed that, among 36 mAb combinations screened, 16 mAb combinations had the AI values ˃ 50% ( Table 2 ). These antibody combinations were further screened by checkerboard titration and the best combination was selected according to the highest P/N ratio. The result showed that NC-5/NC-3 combination had the highest P/N ratio ( Fig. 4) . Therefore, NC-5 and NC-3 mAbs were selected as the capture and detection antibodies for the sandwich ELISA. Optimization of simplified sandwich ELISA By using different mAb concentrations, checkerboard titration showed that the P/N ratios increased as the increase of NC-5 and NC-3 mAb concentrations. Based on to the highest P/N ratio, the optimal concentrations of NC-5 and NC-3 mAbs were 2 µg/mL and 1:8000, respectively. To optimize the coating conditions, ELISA plates were coated with NC-5 mAb in three different buffers for different times at 4 ℃. The result showed that the highest P/N ratio could be obtained by coating with NC-5 mAb in 50 mM Tris-HCl (pH 8.0) for 45 min ( Fig. 6a and 6b ). To optimize the blocking conditions, the antibody-coated plates were blocked with two different blocking solutions for three different times at 37 ℃. The result showed that the highest P/N ratio could be obtained by blocking with 1% casein in PBST for 3 h (Fig. 6c ). To optimize the dilution buffer and incubation time for the detection antibody, NC-3 mAb was diluted with PBST containing 1% casein or 5% BSA and incubated for different times at 37 ℃. The result showed that the highest P/N ratio could be obtained by incubation with NC-3 mAb in PBST containing 1% casein for 45 min (Fig. 6d ).
Generation of standard curve for simplified sandwich ELISA
The double-antibody sandwich ELISA was performed under optimal conditions using different concentrations of recombinant canine NGAL. The standard curve was generated by plotting OD 450 values against NGAL concentrations. As shown in Fig. 7 , the standard curve was linear with NGAL concentration (log10) ranging from 6.25 ng/mL to 1600 ng/mL, with a correlation coefficient of 0.9939, detection limit of 8.28 ng/mL.
Reproducibility of simplified sandwich ELISA
The reproducibility assays showed that the double-antibody sandwich ELISA had an intra-CV ranging from 5.2-8.7% (n = 20) and inter-CV ranging from 8.7-9.6% (n = 10).
Validation of simplified sandwich ELISA
A total of 42 clinical samples were detected in parallel using the simplified sandwich ELISA and a commercial canine NGAL kit. Among 21 samples from healthy dogs, the concentrations of sNGAL detected by the simplified sandwich ELISA ranged from 9.75 ng/mL to 17.34 ng/mL, which were slightly lower than that detected by commercial ELISA kit ( Table 3 ). The concentrations of uNGAL detected by the simplified sandwich ELISA ranged from 7.86 ng/mL to 24.38 ng/mL with a variation range slightly narrower than that detected by commercial ELISA kit. Among 21 samples from AKI patients, both concentrations of sNGAL and uNGAL detected by the simplified sandwich ELISA were slightly lower than that detected by commercial ELISA kit. Further analysis of 21 samples from AKI dogs showed that both concentrations of sNGAL and uNGAL detected by two different ELISA were linear without significant difference ( Fig. 8 ). Discussion NGAL is the novel biomarker for reliable diagnosis of renal failures in humans and dogs [12, 13] . However, the concentrations of NGAL in different samples from different patients vary greatly [3] and thus ambiguous diagnosis may be obtained by using different NGAL ELISA kits [14] [15] [16] [17] . In addition, the currently available canine NGAL ELISA kits require the use of expensive enzyme-conjugated secondary antibodies or biotinylation of mAbs [11] .
To alleviate these problems, in this study we expressed canine NGAL in E. coli as a His-tag fusion protein. Most eukaryotic proteins over-expressed in E. coli are insoluble inclusion bodies, which require complicated denaturation/renaturation process to obtain correctly folded products. This was also the case for recombinant canine NGAL expressed in E. coli at 37 ℃. Since higher temperature is one of main contributors to the formation of inclusion bodies, the expression of recombinant canine NGAL was induced at lower temperature (15 ℃) and the expected soluble product was obtained, which was purified to more than 90% purity without the need of denaturation and renaturation.
Although few mAb-based canine NGAL ELISA kits are commercially available, the detailed information about their preparation and characterization are not available [12] . In this study, we generated hybridoma cell lines by immunization of mice with highly purified recombinant canine NGAL. Among ten positive clones screened, six stable cell lines were obtained after HAT selection and repeated dilution cloning. All of the six mAbs reacted positively to canine NGAL reference with high titers and binding affinities, suggesting their suitability for the development of diagnostic reagents.
In this study, two key parameters were used to select the antibody combination for the simplified sandwich ELISA, including high AI value and P/N ratio. Among 36 antibody combinations screened, 16 of them had high (˃ 50%) AI values for canine NGAL, among which NC-5/NC-3 was selected for sandwich ELISA development since its highest P/N ratio.
After systemic protocol optimization, the standard curve was generated for the simplified sandwich ELISA, with good linear with NGAL concentrations, high correlation coefficient
and relatively high recovery rate.
The parallel detection results of clinical samples from healthy and AKI dogs showed that both uNGAL and sNGAL concentrations detected by the simplified sandwich ELISA were slightly lower than that detected by commercial ELISA kit. Nevertheless, the detection results of the two ELISA were linear without significant difference. These data suggest that the simplified sandwich ELISA established in this study can replace the commercial ELISA kits for canine NGAL detection. By using the simplified sandwich ELISA, both detection cost and time could be reduced significantly.
Conclusions
We expressed canine NGAL in E. coli and generated six stable hybridoma cell lines by immunization of mice with the purified protein. The specific mAbs obtained are useful for canine NGAL study and the simplified sandwich ELISA established can be used for the diagnosis of dog renal failures.
Methods
Preparation of recombinant canine NGAL
The coding sequence for canine NGAL (GenBank accession no. 491320) was adapted to E.
coli codon usage using Java Codon Adaption Tool [18] . 
Generation of hybridoma cell lines
Hybridoma cell lines were generated as previously described [19, 20] . Three female 
Characterization of canine NGAL-specific mAbs
To prepare the mAbs in large quantities, 10 female BALB/c mice (8-9 weeks old) were preinjected with 0.5 mL of paraffin oil (Sigma-Aldrich, USA) followed by intraperitoneal injection with hybridoma cells (5 ⋅ 10 6 cells/0.2 mL). The ascites were collected one week later and the mAbs used as the capture and detection antibodies of simplified sandwich ELISA were purified by ammonium sulfate precipitation as previously described [21] .
The isotypes of mAbs were determined using Mouse mAb Isotyping Kit (Sigma-Aldrich, USA) by following the manufacturer's instruction. The mAbs were identified by Western blotting using canine NGAL reference. Briefly, canine NGAL was purified from dog urine samples with AKI as previously described [22] . The purified protein (50 µg) was separated by SDS-PAGE and transferred onto PVDF membrane. After blocking with 5% defatted milk powder in PBST (PBS containing 0.05% Tween 20) for 2 h at room temperature, the ascetic mAbs (1:5000 in blocking buffer) were added and incubated overnight at 4 ℃. After threetime washing in PBST, HRP-conjugated goat anti-mouse IgG (1:1000 in blocking buffer;Beyotime Biotechnology, China) was added and incubated as described. After washing again, the hybridization signals were developed using BeyoECL Plus Kit (Beyotime Technology, China) by following the manufacturer's instruction.
The ascitic mAbs were titrated by indirect ELISA using recombinant canine NGAL as the antigen. Briefly, 96-well plates were coated overnight with the recombinant antigen (2 ∝g/mL) and blocked with PBS containing 5% BSA for 2 h at room temperature. Serially diluted mAbs were added (100 µL/well) and incubated for 1 h at room temperature. After wash three times with PBST (PBS and 0.5% Tween 20), HRP-conjugated goat anti-mouse IgG (1:2000; Beyotime, China) was added (100 µL/well) and incubated again as described.
After washing three times again, freshly prepared tetramethylbenzidine (TMB) solution was added and incubated in dark for 10 min at 37 ℃. OD 450 values were determined for P/N value calculation after stopping with 2 M H 2 SO 4 . The mAb affinities for canine NGAL was tested by ELISA as previously described. The Ka value was calculated according to the formula: Ka = (A0-Ai) / li ⋅ Ai [23] .
Selection of antibody pair for simplified sandwich ELISA
The additivity of each mAb pair for canine NGAL was tested by competing ELISA as previously described [24] . The additive index (AI) was defined for a pair of mAbs according to the formula: AI = {[2 ⋅ A 1 + 2 /(A 1 + A 2 ) ]-1} ⋅ 100, where A 1 , A 2 and A 1 + 2 indicate the OD values of the first mAb, second mAb and two mAbs together in the ELISA. Provided the concentrations of mAbs are saturated for the antigen, the AI will tend to be zero if both mAbs recognize the same epitope, but close to 100 if both mAbs bind to distinct sites. The mAb pairs with high AI values were further tested by checkerboard ELISA and the best antibody combination was selected according to the highest P/N ratio.
Establishment of simplified sandwich ELISA
The simplified sandwich ELISA was established according to previously described method [8] .The detection antibody was labeled with a 1:2 mAb to HRP (Thermo, USA) ratio according to the manufacturer's instruction. To optimize the concentrations of the antibody pair, ELISA was performed with different concentrations of NC-5 mAb as the capture antibody and different dilutions of HRP-conjugated NC-3 mAb as the detection 
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Figure 2
Identification of canine NGAL-specific mAbs by Western blotting. The canine NGAL was purified from the urine samples of AKI dogs and analyzed by Western blotting using mAbs from six hybridoma cell lines.
Figure 3
Titration of canine NGAL-specific mAbs by indirect ELISA. Different dilutions of ascitic mAbs secreted by the six hybridoma cell lines were titrated against recombinant canine NGAL.
The dotted line indicates the cutoff of P/N ratio.
Figure 4
Screening of the mAb combination for simplified sandwich ELISA. Recombinant canine NGAL was reacted with different mAb combinations and their binding additivities were expressed P/N ratios.
Figure 5
Checkerboard titration of the antibody pair for simplified sandwich ELISA. ELISA was performed using the indicated concentrations of NC-5 mAb as the capture antibody and indicated dilutions of NC-3 mAb as the detection antibody. The best antibody concentrations were selected according to the highest P/N ratio.
Figure 6
Optimization of the simplified sandwich ELISA for canine NGAL detection. (a) ELISA plates were coated overnight with recombinant canine NGAL in three different buffers; (b) The antigen-coated plates were blocked with two different buffers for different times. (c) Clinical samples was added to the blocked plate and incubated for different times; (d) HRPconjugated NC-3 mAb was diluted in two different buffers and incubated for different times.
The optimal conditions were selected according to the highest P/N ratios.
Figure 7
The standard curve for simplified sandwich ELISA. The ELISA was performed with different concentrations of recombinant canine NGAL and the standard curve was plotted against OD450 values.
Figure 8
Agreements of canine NGAL concentrations detected by two different ELISA. Twenty one serum and urine samples from AKI dog patients were detected in parallel by the simplified sandwich ELISA and commercial ELISA kit and their linear agreements were analyzed using Origin 8 software.
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